Capacity and voltage retentions upon subsequent cycles for Li 2 RuO 3 and Li 2 Mn 0.4 Ru 0.6 O 3 (LMR) under various cutoff voltages have been investigated. The change in average and local structures upon electrochemical cycling were examined by ex-situ XRD and Ru L 3 -edge XANES measurements, and the relationship between the cyclic capabilities and the structural changes is discussed. The deteriorations of discharge capacity and average discharge voltage in the subsequent cycles of LMR with a charge cut-off voltage of 4.8 V vs. Li/Li + are remarkably smaller than that with the voltage of 4.2 V. Moreover, LMR exhibits higher average discharge voltage than Li 2 RuO 3 under a charge cut-off voltage of 4.8 V. The phase transition behavior of LMR was not similar to Li 2 RuO 3 upon electrochemical cycling. Ru L 3 -edge XANES spectra measurements reveal that RuO 6 octahedra in LMR charged at 4.2 V are much distorted. The local structure of RuO 6 octahedra is associated with the cyclic capability of LMR and Li 2 RuO 3 .
Introduction
Paramount attention has been inclined to lithium batteries as indispensable energy storage technologies, not only for portable electronic devices but also for electric vehicles. Such batteries require high capacity, high voltage, safety and long shelf-life. The Li-rich manganese layered oxide Li 2 MnO 3 -LiMO 2 (M = 3d transition metal) systems are most promising candidates because of their high capacities and superior cycle capabilities. [1] [2] [3] [4] Many studies have been devoted to investigate the mechanism underlying the higher initial charging capacity which is irreversible in the subsequent cycle. 1, [5] [6] [7] [8] [9] [10] Several models have been proposed regarding the initially high irreversible charging capacity such as simultaneous Li + and O 2¹ removal, 1 cation migration 5, 6 and the participation of oxygen redox species. 10 Further studies have also been widely done to unravel the mechanism underlying the intrinsic voltage decay upon subsequent cycling of Li-rich manganese layered oxide. [11] [12] [13] [14] Recently, we first reported that the solid solution of Li 2 Mn 1¹x Ru x O 3 exhibit high capacity of about 200 mAh g ¹1 and lower electrical resistivity five order of magnitude than Li 2 MnO 3 , indicating that the substitution of Ru is effective to enhance the electrochemical as well as electrical properties. 15 Li 2 RuO 3 is isostructural with Li 2 MnO 3 , composed of lithium and lithium-transition metal layer except for a minor stacking difference. In addition, Li 2 RuO 3 exhibits complementary properties to Li 2 MnO 3 such as good cyclic capacity of about 160 mAh g ¹1 at a voltage range between 3.0 V and 4.0 V, and remarkably lower resistivity of 10 ³ cm. 16, 17 Mechanistic studies for Li 2 Mn 1¹x Ru x O 3 , and related solid solutions of Li 2 RuO 3 have been also done.
14,18-24 Sathiya et al. conducted a systematic study on the charge compensation mechanism of Li 2 Ru 1¹x M x O 3 (M = Mn, Sn) by using X-ray photoelectron spectroscopy and electron paramagnetic resonance, 23, 24 and revealed that a reversible anionic redox process is the origin of the high capacity in these systems. 24 In our previous study, the charge compensation mechanism for Li 2 Mn 1¹x Ru x O 3 in the initial cycle under a charge cut-off voltage of 4.8 V has been investigated by Mn K-edge and Ru L-edge X-ray absorption near edge structure (XANES) and X-ray diffraction (XRD) measurements, indicating that the Ru 5+
/Ru
4+ redox are involved in the charge compensation in the initial charge without any cation reduction for Li 2 Mn 1¹x Ru x O 3 . 22 However, the electrochemical properties upon cycling under various voltage ranges have not been sufficiently studied for Li 2 RuO 3 and its related solid solutions. 14, [25] [26] [27] [28] Evaluating the electrochemical properties under various (dis)charge voltage ranges is crucial to obtain design guidelines on how to optimize the performance of electrode materials. In this study, the electrochemical properties upon cycling under various charge cut-off voltages and the phase transition behaviors in the initial and second cycles are investigated for Li 2 RuO 3 and Li 2 Mn 0.4 Ru 0.6 O 3 (x = 0.6; hereafter denoted as LMR) showing the largest capacity and good cyclability among Li 2 Mn 1¹x Ru x O 3 system and their relationship to local structure change are discussed.
Experimental
The LMR and Li 2 RuO 3 were synthesized by a solid-state reaction at 1200°C and 1000°C, respectively, as reported previously, 15, 22 and phase identification was done by XRD measurement with Rigaku RINT 2100 diffractometer using monochromatic Cu KA radiation. The electrochemical properties were examined using 2032-type coin-cells (Hohsen Corp.) at a constant current rate of C/10 calculated from the theoretical capacity taking only into account that Li in lithium layer is utilized. The charge cut-off voltage ranged from 4.2 V to 4.8 V vs. Li/Li + . The positive electrode was composed of the active material, acetylene black (HS-100, DENKA) and poly(vinylidene difluoride) (PVdF) binder (KISHIDA CHEMI-CAL Co., Ltd.) with a weight ratio of 10:1.5:1.5 and coated onto Al current collector. 1 M LiPF 6 in ethylene carbonate/diethyl carbonate (EC/DEC) with a volume ratio of 3:7 (KISHIDA CHEMICAL Co., Ltd.) and Li metal foils were used as the electrolyte and the negative electrode, respectively. Ex-situ XRD measurements were performed to investigate the phase transition in the initial and second cycles. The cell was disassembled after the electrochemical measurements, and the obtained electrode was washed by DEC and then dried. Samples were packed into a glass capillary (outer diameter of 0.4 mm) after exfoliation from current collector. Synchrotron XRD data were collected on a Debye-Scherrer-type powder diffractometer with an imaging-plate (IP) type detector installed in the beamline BL02B2 at SPring-8. The wavelength of the incident synchrotron radiation was fixed at 0.6 ¡. The Ru L-edge XANES spectra measurements were performed in the fluorescence yield (FY) mode in the beamline BL-10 at the SR center in the Ritsumeikan University. The obtained samples were transported to the chamber using the sealed vessel filled with Ar.
Results and Discussion
The charge-discharge voltage profiles for LMR and Li 2 RuO 3 under various cut-off voltages, their cyclic discharge capacity and average discharge voltages upon electrochemical cycling are shown . 22 Such a plateau, shown in Li-rich manganese layered oxides, is associated with simultaneous Li + and O 2¹ removal, 1 cation migration 5, 6 and/or oxidation of oxygen. 10 Moreover, the discharge voltage decreased monotonously. The LMR delivered initial charge and discharge capacity of 290 mAh g ¹1 (1.6 Li) and 210 mAh g ¹1 (1.2 Li), respectively. The irreversible capacity is partially ascribed to a loss of oxygen from the lattice. 22, 23 In contrast to the initial charge, the second charge curve showed simple sloping profile. A remarkable decrease in an irreversible capacity was observed in the second cycle. They are the characteristic behavior of Li-rich layered oxides. When a charge cut-off voltage of 4.3 V was applied, a charge voltage curve was terminated in the middle of a plateau. LMR delivered initial charge and discharge capacity of 230 mAh g ¹1 (1.2 Li) and 150 mAh g ¹1 (0.8 Li), respectively. The irreversible capacity of LMR at an upper cut-off voltage of 4.3 V was comparable to that at 4.8 V, although the initial discharge capacity decreased. However, the deterioration of discharge capacity in the subsequent cycles is much larger than that at a cut-off voltage of 4.8 V (Fig. 2a) . In addition, the deterioration of the subsequent average discharge voltages was much larger than others (Fig. 2c) .
The initial charge voltage curve of Li 2 RuO 3 under a cut-off voltage of 4.8 V showed two plateaus at 3.65 V and 3.8 V. The charge capacity attained 160 mAh g ¹1 (1.0 Li) at 4.0 V attributable to the oxidation of Ru 4+ to Ru 5+ . 22 A plateau-like region was observed around 4.2 V most likely associated with the oxidation of oxygen, 23 because the Ru L 3 -edge XANES spectra analysis has revealed that the valence state of Ru is invariant in the plateau region. 22 The discharge voltages exhibited sloping profiles. The initial discharge capacity of 280 mAh g ¹1 was delivered. The irreversible capacity decreased remarkably in comparison with LMR. A distinct plateau was not observed in the second charge voltage curve in contrast to the initial charge. Disappearance of a distinct plateau resulted in a decrease of average discharge voltage. It is not similar to those under a cut-off voltage of 4.2 V. When a charge cut-off voltage of 4.2 V was applied, the initial discharge curve showed a plateau-like region at 3.4 V. In the subsequent charge curve two plateaus were shown at 3.4 V and 3.65 V in contrast to under a cut-off voltage of 4.8 V. The relative average voltages after 40 cycles under cut-off voltages of 4.2 V and 4.8 V have been both 95%. Moreover, cycle capabilities after 40 cycles under cut-off voltages of 4.2 V and 4.8 V are 76% and 78%, respectively. That is, capacity and voltage fading in the subsequent cycles was nearly independent of the applied cut-off voltage, although average discharge voltages of Li 2 RuO 3 at a cut-off voltage of 4.8 V were about 0.15 V lower than that at a cut-off voltage of 4.2 V. As aforementioned, the large differences in the charge-discharge property upon electrochemical cycling depending 
on the applied cut-off voltage were observed between LMR and Li 2 RuO 3 .
The dQ/dV plots for LMR and Li 2 RuO 3 are shown in Fig. 3 . An oxidation and a reduction peak due to Ru 4+ /Ru 5+ redox couple appeared around 3.5 V in the initial dQ/dV curves for LMR. An oxidation peak at 4.25 V would be associated with simultaneous Li Electrochemistry, 83(12), 1071-1076 (2015) initial charge. Two distinct peaks at 3.65 V and 3.8 V are attributed to biphasic regions with the structural transitions 17 and a peak around 4.2 V is most likely associated with the oxidation of oxygen. 23 Moreover, a reduction peak appeared at 3.4 V and 3.3 V under a cutoff voltage of 4.2 V and 4.8 V, respectively, in the initial discharge. Li 2 RuO 3 exhibits distinct features in the dQ/dV plot in the subsequent cycles depending on the applied cut-off voltage, although capacity and voltage fading were nearly independent of the applied cut-off voltage. Upon subsequent cycling redox peaks became broad and indistinct at a cut-off voltage of 4.8 V, while two couples of sharp redox peaks were observed at a cut-off voltage of 4.2 V. Furthermore, two sharp peaks did not showed significant voltage decay upon cycling. A sharp and large profile change at around 3.5 V observed in the discharge process after 10th cycle was due to the anomalous discharge behavior of Li 2 RuO 3 . In the discharge process, the voltage monotonously decreased to around 3.5 V and then slightly increased followed by a decrease in discharge voltage. This would be due to a resultant phase upon cycling which has a slightly higher electrochemical potential and/or higher electronic conductivity.
The ex-situ XRD patterns for LMR and Li 2 RuO 3 during the initial and second cycle are shown in Fig. 4 . Note that the diffraction patterns correspond to the pristine, the initial charge and discharge and then the second charge and discharge process in sequence from the bottom. The phase transition behaviors accompanied with the initial charge for LMR and Li 2 RuO 3 have been reported. 17, 22 Upon charging LMR to 4.2 V additional broad peaks appeared at around 2ª = 13.8°and 16.4°which could not be indexed with space group C2/m and C2/c adopted by the pristine LMR and Li 2 RuO 3 , respectively. When the LMR was charged to 4.8 V, distinct peak broadening was observed. In addition, Mn K-edge XANES measurements confirmed that the pre-edge peak intensity of LMR increased upon charging, indicating the local structure variation in MnO 6 octahedra. 22 Therefore, the peak broadening is associated with local structure modification as found in Li-rich layered manganese oxide attributed to oxygen evolution 6, 23 and an irreversible formation of defect spinel phase due to the transfer of transition metal cations to the interslab. 29 Moreover, the 020 and 110 reflections were observed at 4.8 V, indicating that the layer structure with honeycomb ordering of cation in the transition metal layer remained after the initial charge. On discharging to 3.85 V, no significant variation of XRD pattern was observed. When LMR was discharged to 3.45 V corresponding to the reduction peak voltage of dQ/dV curve, the unindexable peak at around 2ª = 13.9°and 16.6°d isappeared in the XRD pattern. Upon further discharging to 2.0 V, the peak width of 001 diffraction decreased. Moreover, the pre-edge peak intensity of Mn K-edge XANES is not the same as pristine one. 22 It indicates that an irreversible local structure modification regarding MnO 6 octahedra has occurred. Upon second charging LMR to 4.0 V the unindexable reflections in the XRD patterns appeared again as shown at 4.2 V in the initial charge. When the LMR is discharged to 3.4 V in the second cycle corresponding to the reduction peak voltage in the dQ/dV plot, the unindexable peaks as shown in the patterns at 4.8 V and 3.9 V disappeared. Moreover, the shoulder peak at lower angle side of 20-2 reflection disappeared in contrast to that at 3.45 V in the initial discharge. After discharge the XRD pattern of LMR was similar to that after the initial discharge. Consequently, significant difference in the structures of LMR between after charging to 4.2 V and 4.8 V was not observed and LMR maintained basal layer structure with honeycomb ordering of cations in the transition metal layer after electrochemical cycling under a cut-off voltage of 4.8 V.
Upon initial charging of Li 2 RuO 3 to 4.0 V (as shown in Fig. 1c ), two plateaus were observed which corresponds to the transformation of the parent monoclinic phase via another monoclinic phase to a rhombohedral phase. 16, 17 On further charging additional phase transitions also occur. 22 In the discharge process the phases evolved at 3.7 V, 4.0 V and 4.15 V in the initial charge did not appear in the XRD patterns between 4.8 V and 3.5 V (Fig. 4b) . The phase transition behavior in the initial discharge was different from that in the initial charge. The intensity of reflection at 2ª = 15.6°much decreased and 13-3 and 22-2 reflections evolved in the XRD pattern of Li 2 RuO 3 at 2.0 V, indicating that a structural phase transition occurred between 3.5 V and 2.0 V. Moreover, significant peak broadening was observed in the pattern at 2.0 V. It would be associated with disorder of Li site and/or local structure change near Li, because the degree of peak broadening decreased by subsequent Li extraction. However, the 020 and 11-1 reflections were observed, indicating that the honeycomb ordering of Ru remained after discharged. The phase transition behavior in the second charge was not similar to the initial charge. Upon second charging to 3.9 V, Li 2¹x RuO 3 exhibited an XRD pattern combining those at 3.5 V and 4.8 V in the second charge and the phases evolved in the initial charge at a voltage range from 3.7 V to 4.2 V was not observed. The Upon charging, white line shifted to higher energy side due to oxidation of Ru 4+ for both LMR and Li 2 RuO 3 . A distinct peak splitting was observed in the spectrum of LMR charged at 4.2 V in comparison with those of LMR charged at 4.8 V. Moreover, LMR charged at 4.8 V exhibited similar peak splitting to those of Li 2 RuO 3 whose capacity and voltage fading in the subsequent cycles were nearly independent of the applied cut-off voltage. The Ru L 3 -edge peak consists of two peaks corresponding to the transition to partially occupied t 2g and unoccupied e g orbitals. Both sets of orbitals are split due to a distortion of ligand field.
30,31 Therefore, the local structure of RuO 6 octahedra in LMR charged at 4.8 V is less distorted than those of LMR charged at 4.2 V. A distortion of RuO 6 octahedra reduces a part of Ru-O interaction, leading to structural instability. Deterioration of cycle capability of cathode materials for lithium-ion cells is due to various factors, such as structural instability, oxygen removal, dissolution of transition metal element and formation of carbonate species on the electrode surface. Therefore, it is difficult to understand the deterioration mechanism of lithium-ion cells completely. Our study revealed that LMR under a cut-off voltage of 4.8 V showed superior capacity and voltage capabilities upon subsequent cycles to that under a cut-off voltage of 4.3 V. Higher voltage is considered to accelerate the deterioration owing to oxygen removal, dissolution of transition metal and formation of surface deposit. Determination of detailed crystal structure is difficult for delithiated phase of Li-rich manganese oxides because of peak broadening, structure modification due to partial cation migration and oxygen removal from electrode surface. However, XRD measurements confirmed that the layer structure and honeycomb ordering of cations in LMR and Li 2 RuO 3 remained after charge-discharge cycle, although the phase transition behaviors were much different and the crystallinity of Li 2 RuO 3 was rather low than that of LMR. Furthermore, an irreversible structural modification in MnO 6 octahedra accompanied with the migration of cation to interslab and formation of spinel-like phase is due to capacity and voltage fading in Li-rich layered manganese oxide. 5, 29 In addition, previous HAADF-STEM studies for Li 2 RuO 3 and Li 2 Ru 1¹x Ti x O 3 demonstrated that the cation migration rate of Ru to tetrahedral site is remarkably low in comparison with Ti with smaller ionic radii. 14 Thus, less distorted and stable local structure around Ru is most likely due to better capacity and voltage capabilities in subsequent cycles for LMR under a cut-off voltage of 4.8 V and cut-off voltage independent of capabilities for Li 2 RuO 3 .
Conclusion
The electrochemical performance at various applied cut-off voltages for LMR and Li 2 RuO 3 were investigated. Li 2 RuO 3 shows excellent cyclability independent of charge cut-off voltage. Moreover, the average discharge voltages of Li 2 RuO 3 at a cut-off voltage of 4.8 V were lower than that at a cut-off voltage of 4.2 V. When a charge cut-off voltage of 4.8 V was applied, LMR exhibited higher average discharge voltages than those of Li 2 RuO 3 and comparable capacity and voltage capabilities to Li 2 RuO 3 . The substitution of Mn for Li 2 RuO 3 leads to an increase in discharge voltage without significant deterioration of cyclic capability in use at higher charge cut-off voltage, although a discharge capacity decreased. LMR and Li 2 RuO 3 showed different phase transition behavior upon chargedischarge cycles but maintained the layer structure and honeycomb cation ordering of cations. Ru L 3 -edge XANES spectra measurements indicate that less distorted and stable RuO 6 octahedra are likely to provide better cyclability for Li 2 RuO 3 and LMR under high cut-off voltage. The stability of MnO 6 and RuO 6 octahedra plays a role in capacity and voltage capabilities in the subsequent cycle for LMR and Li 2 RuO 3 .
